Several different systems for the conversion of sorbitol to hexose have been described in microorganisms. In the pseudomonads, sorbitol may be oxidized to fructose (Shaw, 1956) or to sorbose (Sebek and Randles, 1952) . The latter investigators concluded that the conversion of sorbitol to fructose or sorbose did not involve phosphorylation since carbon dioxide was not liberated from bicarbonate buffer upon incubabation of whole cells, adenosine triphosphate, and hexitol. Cell-free preparations of Acetobacter suboxydans have been shown to dissimilate sorbitol by three different pathways. In addition to a dehydrogenase, presumably a flavoprotein which catalyzes the oxidation of sorbitol to hexose (Widmer et al., 1956; Arcus and Edson, 1956) two alternate enzyme systems found in the soluble portions of the cells have been described (Cummins et al., 1957a) . Separation of these systems revealed the existence of a DPN3-and a TPN-linked sorbitol dehydrogenase (Cummins et al., 1957b) . The product of the DPN-linked oxidation was found to be fructose whereas the latter formed sorbose.
Studies by Wolff and Kaplan (1956a) demonstrated that D-sorbitol-6-phosphate is dehydrogenated by cell-free extracts of Escherichia coli strain B. The phosphorylated route was indicated as the major pathway of sorbitol dissimilation since the specific activity of extracts of sorbitol-grown cells was approximately 60-fold greater for sorbitol-6-phosphate as compared to sorbitol.
The results presented in this paper describe the isolation, purification, and properties of a DPN-linked which catalyzes the oxidation of D-sorbitol-6-phosphate to fructose-6-phosphate.
MATERIALS AND METHODS
Organism and culture conditions. L. casei strain ATCC 4646 was employed in this study. Stock cultures were maintained in milk.
Cells for the preparation of cell-free extracts were cultivated in a medium containing per L: trypticase, 20 g; MgSO4-7H2O, 0.05 g; MnSO4, 0.05 g; Tween 80, 1 ml; sodium dihydrogen phosphate, 1 g; sorbitol, 10 g. Three-liter capacity Fernbach flasks containing 1 L of the above medium were inoculated with 10 ml of a 24-hr culture of the organism and incubated for 18 hr.
Sonic Fructose and fructose-6-phosphate were estimated by the method of Roe (1934) or by the cysteine-carbazole method of Dische and Borenfreund (1951). Fructose-6-phosphate was identified as the reaction product of sorbitol-6-phosphate oxidation spectrophotometrically with TPN, Zwischenferment, and crude phosphohexose isomerase. Reducing sugar was estimated by the method of Somogyi (1952) . For the estimation of the hexitol phosphates, the procedure of West and Rapoport (1949) as modified by Wolff and Kaplan (1956b) was employed. The concentration of reduced DPN was estimated by using the value of 6.22 X 106 (cm2 X moles-) for the extinction coefficient of DPNH at 340 m,u (Horecker and Kornberg, 1948) . Protein was determined by the method of Lowry et al. (1951) .
lMaterials. The following substances were commercial preparations: DPN, TPN, DPNH, lactic acid dehydrogenase (specific activity, 20,000 Racker units per mg protein), mannose-6-phosphate, fructose-6-phosphate, and glucose-6-phosphate (barium salts), Nutritional Biochemicals Corporation; Zwischenferment (specific activity of 0.8 units per mg protein), sodium glucose-6-phosphate, and crude rabbit muscle phosphohexose isomerase, Sigma Chemical Company.
Sorbitol-6-phosphate and mannitol-1-phosphate were prepared by borohydride reduction of glucose-6-phosphate and mannose-6-phosphate respectively, as described by Wolff and Kaplan (1956b) . The barium salts of glucose-6-phosphate, fructose-6-phosphate, and mannose-6-phosphate were converted to the sodium salts by dissolving them in a dilute solution of hydrochloric acid and adding an equivalent amount of Na2SO4. Calcium phosphate gel was prepared according to a method described by Tsuboi and Hudson (1957) .
Enzyme assay. Absorbance was read at 340m,u in the Beckman model DlU spectrophotometer before and at 30-see intervals after the addition of enzyme to the reaction mixture. The reaction mixture for enzyme assay consisted of: DPN, 1 ,mole; sorbitol-6-phosphate, 2.28 ,umoles; enzyme, 1 to 3 units; glycine-NaOH buffer to a total volume of 3.0 ml. One unit of enzyme is defined as that amount which effects an increase in optical density (A A340) of 0.1 per min at room temperature. The reaction was usually linear for the first 2 min; therefore, this portion of the curve was used for determinations. Specific activity is defined as units per mg of protein.
RESULTS
A summary of the purification procedure is presented in table 1. The purified preparation showed no detectable lactic acid dehydrogenase, DPNH oxidase. glucose-6-phosphate dehydrogenase, or activity with fructose-6-phosphate. Phosphohexose isomerase activity was found to vary with the preparation. The enzyme could be stored at -20 C for several months with no appreciable loss of activity. Figure 1 shows the reaction rate as a function of enzyme concentration.
Identification of product of sorbitol-6-phosphate oxidation. The accumulation of hexose could be easily demonstrated by the Roe reaction or the eysteine-carbazole method. The product of the oxidation was identified in an experimental system similar to that employed by Marmur and Hotchkiss (1955) . The enzymatic conversion of sorbitol-6-phosphate to fructose-6-phosphate was followed by coupling the system with phosphohexose isomerase, Zwischenferment, and TPN. Elimination of the absorbance by DPNH formed from the oxidation of sorbitol-6-phosphate was Fructose-6-phosphate -* glucose-6-1
Glucose-6-phosphate + TPN+ conate + TPNH + H+ Net reaction: sorbitol-6-phosphat acid + TPN+ -) 6-phosphogluconate + lactic acid + TPNH + H+ As seen in table 2, reduction of TPN was not observed when sorbitol-6-phosphate was omitted. The small amount of TPN reduction observed when sorbitol-6-phosphate dehydrogenase or DPN was omitted was probably due to trace amounts of glucose-6-phosphate in the sorbitol-6-phosphate preparation. Glucose-6-phosphate, however. could not be detected by the reducing sugar test. Slight activity was also observed when phosphohexose isomerase was omitted, indicating the presence of this enzyme in the partially purified preparation.
Reversibility of reaction. Evidence for the reversibility of the reaction was obtained when the enzyme was incubated with fructose-6-phosphate and DPNH. A rapid oxidation of DPNH was obcentration on served as shown in figure 2 tat dehydrog-of oxidation of sorbitol-6-phosphate was observed to occur between pH 9 to 10 in Sorensen's glycine-NaOH buffer (figure 3). As a result of finding the optimal pH 9.5, glycine buffer pH 9 to 10 uvate and lac-was routinely used in most assays. From experiments where the relative concentrations of DPN and sorbitol-6-phosphate were varied, the Ke for the reaction at pH 9.31 was determined to be 1.07 X 10-9.
Activators and inhibitors. The inhibition of the enzyme by heavy metals and by p-chloromercuribenzoate suggested the presence of sulfhydryl groups. For the time interval of 0 to 2 min, 6.6 X 103 M ZnSO4, CuSO4, HgC12, and p-chloromercuribenzoate effected 45, 40, 70 , and 50 per cent inhibition, respectively. A constant amount of inhibition (15 to 20 per cent) was observed for concentrations of Versene (disodium ethylenediaminetetraacetate) ranging from 6.6 X 10-4 to 6.6 X 10-3 M. This inhibition was not reversed by Mg-.
The requirement for a metal could not be demonstrated. No significant stimulation was observed with 1.6 X 10-2 M MgCl2, MnCl2, or CaCl2.
TPN did not replace DPN as coenzyme. Specificity. The reverse or forward reaction was not demonstrable when glucose, fructose, sorbitol, mannitol, dulcitol, glucose-6-phosphate, mannose-6-phosphate, xylitol, or arabitol were tested at a concentration of 1.2 X 104 M. A small amount of activity was observed when mannitol-1-phosphate was tested at a concentration of 1 X 10-3 M. This activity was presumed to be the result of contamination of mannitol-1-phosphate with sorbitol-6-phosphate.
DISCUSSION
In bacteria, sorbitol may be oxidized directly to fructose or it may first be phosphorylated, then oxidized. From available reports, a phosphorylative route in animals has not been detected (Blakely, 1951; Williams-Ashman and Banks, 1954; McCorkindale and Edson, 1954; Hollmann and Touster, 1947) .
One of the chief differences which has been observed between the polyol dehydrogenases obtained from animals and those obtained from bacteria is the broader specificity possessed by the enzymes of animal origin. As in the case of the mannitol-1-phosphate dehydrogenase from Diplococcus pneumoniae (Marmur and Hotchkiss, 1955 ) and E. coli (Wolff and Kaplan, 1956) , which catalyzes the interconversion of mannitol-1-phosphate and fructose-6-phosphate, sorbitol-6-phosphate dehydrogenase appears to be highly specific. However, a more extensive study of various phosphorylated alcohols should be made before attempting to define its specificity requirements.
On comparing the equilibrium constant of sorbitol-6-phosphate dehydrogenase, 1.07 x 10-9, with that obtained for the sorbitol dehydrogenase (obtained from rat accessory sexual organs) studied by Williams-Ashman and Banks (1954), 2.05 x 10-9, a close similarity is noted. A rise in pH which displaces the equilibrium towards the complete oxidation of sorbitol was noted by these workers. A similar effect was observed with sorbitol phosphate dehydrogenase.
The high degree of affinity of sorbitol phosphate dehydrogenase for substrate and DPN is indicated from examination of the dissociation constants. The values obtained in this study reveal that the enzyme has a somewhat higher affinity for substrate and DPN when compared with the mannitol phosphate dehydrogenase. 
